Thorium-loaded low-power reactor installation operated with super-long fuel residence time  by Shamanin, I.V. et al.
Available online at www.sciencedirect.com 
Nuclear Energy and Technology 2 (2016) 172–178 
www.elsevier.com/locate/nucet 
Thorium-loaded low-power reactor installation operated with super-long 
fuel residence time 
I.V. Shamanin, S.V. Bedenko ∗, Yu.B. Chertkov 
National Research Tomsk Polytechnic University, 2, Lenin Avenue, Tomsk 634050, Russia 
Available online 29 August 2016 
Abstract 
It was established in numerical experiments conducted at the Institute for Safety Research and Reactor Technologies (ISR-2) of the 
research center Forschungszentrum Jülich (1998–1999) that thorium-plutonium fuel composition ensures due to the presence of anomaly 
in the dependence of resonance neutron absorption on the ratio of moderator volume to fuel volume the possibility to organize super-long 
duration of fuel residence in the cores of VVER-type reactors. Such possibility was demonstrated in the present study for high-temperature 
thorium-loaded reactor installation with 60 MW power. In this case the ratio of moderator volume to the volume of resonance absorber in 
the reactor core is within the interval of (45–60). It is specifically such type of low-power reactor installations that may constitute the basis 
of regional power generation in Russia. 
The purpose of the study was to investigate the neutronics characteristics of thorium-loaded low-power reactor installation with fuel blocks 
and fuel pellets with different configurations in order to select the reactor core design and the core fuel load ensuring optimal utilization of 
thorium in it and obtaining maximum possible generation of energy in the course of super-long fuel residence in the core. 
Implemented studies and numerical experiments were performed using verified computation codes included in the MCU5 [1] and 
WIMSD5B [2] software packages, updated libraries of evaluated nuclear data (ENDF/B-VII.0, JEFF-3.1.1, JENDL-4.0, ROSFOND, BROND, 
ABBA [3,4] and others) and multi-group approximations. 
It was established that thorium-loaded reactor installation with suggested design is the installation operated with fast and intermediate 
neutrons. Results of calculation allow making the conclusion that reactor installation with suggested configuration of the fuel block and the 
fuel pellet, as well as with the fuel composition in question can be operated during not less than 3500 effective days at the power level of 
60 MW without reloading. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Calculation model of fuel assembly of the HTGCTRI: а ) – fuel pellet of the HTGCTRI of 0500 and 1000 types; b) – unified design of the HTGCTRI 
fuel block. 
Fig. 2. Calculation model of the HTGCTRI core. 
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dResults of the first phase of neutronics studies of 3D-
odel of low-power high-temperature thorium-loaded reactor
nstallation (HTGCTRI) on the basis of fuel block with
nified design are presented in Refs. [8,9] . 
Calculation model of the HTGCTRI was developed us-
ng the software of the MCU5 series [1] and the approaches
eveloped in Refs. [10,11] . Models of micro-capsulated fuel
MCF), fuel pellets (FP), fuel blocks (unified design of the
uel block) ( Fig. 1 ) and the core of the reactor (RC) were
eveloped ( Fig. 2 ). 
Configuration of the MCF, FP and thicknesses of coatings
ere selected on the basis of scientific research and technical
olutions suggested in Refs. [10–19] . icro-capsulated fuel 
The selected configuration of MCF with 500- μm diame-
er ( Fig. 1 a) represents the spherical fuel kernel coated with
uccessive layers of pyrolithic carbon (PyC) and silicon car-
ide (SiC) dispersed inside the graphite matrices of cylindrical
Ps arranged inside the HTGCTRI core. Thorium-plutonium
uel composition was used as the fissile material. 
Along with burning up of the fissile material fission prod-
cts accumulated in the fuel kernel diffuse at high tempera-
ures but, due to the system of matrix coatings, they remain
ithin the limits of the MCF and the FP. PyC-layer localizes
he gaseous fission products and serves as the first diffusion
arrier protecting the second SiC-layer from effects of cor-
osion due to the solid fission products. SiC-layer due to its
erfect physical-mechanical and thermal physics properties is
he main supporting coating and the diffusion barrier first of
ll against solid fission products [15–17] . Additional safety
arrier is formed by the graphite matrix and sealing coating
n the surface of the FP in the form of SiC-coating with
00- μm thickness. 
Low corrosion resistance of SiC in contact with metals
impurities in the nuclear kernel, elements of structures of
uel assemblies) interaction with which takes place at signif-
cant rates at temperatures in excess of 950 K which results
n the formation of low-melting-point eutectic destructing the
oatings [17] is attributed to the shortages of the MCF pro-
ided with silicon carbide coatings. 
Preliminary estimations of cost effectiveness of power gen-
ration demonstrated that technical solution based on the two-
ayer coatings simplifies the procedure of manufacturing the
CF and FP and significantly reduces the component of pro-
uction costs associated with fuel. 
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Table 1 
Technical characteristics of low-power HTGCTRI. 
Characteristic Value 
Thermal power, MWt 60 
Geometrical parameters of the reactor: 
Equivalent diameter of the core with reflector, m 3.1 
Height of the core with reflector, m 3.0 
Equivalent diameter of the core, m 2.4 
Height of the core, m 2.4 
Number of FAs of 2000Z2 type in the core, pieces 381 
FA characteristics: 
Flat-to-flat size, m 0.2 
Height, m 0.8 
Mass of heavy metal, kg 1.282 
Number of fuel pellets, pieces 3120 
Characteristics of fuel pellets: 
Height, m 0.020 
Diameter, m 0.012 
Thickness of SiC coating, μm 300 
Mass of heavy metal, kg 0.411 •10 −3 
Number of fuel pellets, pieces 3120 
Fuel kernel (micro-fuel) BISO(Th,Pu)O 2 
Diameter of fuel kernel with coating, μm 500 
Thickness of internal layer of PyC coating, μm 40 
Thickness of external layer of SiC coating, μm 35 
Maximum reactivity margin ( k / k ), % 21.3 
Fuel residence in the core, days 510 
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 The selected configuration of fuel kernel, coatings, FPs and
fuel blocks of the HTGCTRI excludes the contact with metals
which allows improving the MCF lifespan in the reactor core
declared in Refs. [16,17] by 30%; lifespan of MCF and FPs
is limited by the temperature equal to 1250 K and by fast
neutron flux density equal to ∼10 25 m −2 . 
Fuel pellet 
Three types of cylindrical FPs ( Fig. 1 a) with conventional
notation 0500, 1000 and 2000 were examined in the calcu-
lations. Design characteristics of the FPs of 0500 and 1000
types are following: 1000 – ∅ 8.17 • 10 –3 m, height 2.06 • 10 –2 m;
those of 2000 type: ∅ 12.00 • 10 –3 m, height 2.06 • 10 –2 m. 
Unified design of fuel block (FA) 
Fuel assembly of the HTGCTRI ( Fig. 1 b) represents the
hexagonal block of dense highly graphitized material treated
at temperature of 3000 K equipped with channels for arrange-
ment of FPs and for penetration of coolant. Flat-to-flat di-
mensions of such block are equal to 0.2 m, height is equal to
0.8 m; it has 78 channels with ∅ 8.17 • 10 –3 m for FPs of 0500
and/or 1000 types and 12.00 • 10 –3 m for FPs of 2000 type; 7
channels ∅ 2,4 • 10 –2 m for helium coolant. 
FAs of two types with conventional notation XXXXB and
XXXXZ were investigated depending on the composition of
heavy metal in the FPs. FA of XXXXB type (first type): Pu
– 10%, 232 Th – 90%. FA of XXXXZ type (second type): Pu
– 50%, 232 Th – 50%. 
Several optimal configurations of the reactor core aimed at
the development of low-power RIs with power up to 60 MW
were selected according to the results of comparison of neu-
tronics characteristics of the examined options [8] . Results
of calculations of reactivity margin for the reactor, neutron
flux distributions and power generation were obtained for the
selected configurations of the reactor core. 
It was established that the most promising solution is the
option when reactor core is composed of FAs of 2000Z2 type
containing 232 Th and Pu in equal quantities [9] . 
HTGCTRI with FAs of 2000Z2 type is the reactor with
core consisting of FAs of the second type with FPs of 2000
type having the following Pu isotopic composition (%) [19] :
238–0, 239–94, 240–5, 241–1, 242–0. 
The suggested configuration of HTGCTRI core allowed re-
ducing the rate of loss of reactivity to 0.035% per day and
increasing the effective duration of fuel residence in the reac-
tor core to 510 days. Transverse cross-section of the reactor is
shown in Fig. 2 [8] and technical characteristics are presented
in Table 1 [9] . 
It was demonstrated in Ref. [19] that thorium–plutonium
fuel composition ensures due to the anomaly in the reso-
nance neutron absorption depending on the ratio of volume
of moderator to the fuel volume the possibility to extend the
duration of fuel residence in the VVER-type reactor core to
super-long values. Now the same is demonstrated as well for
high-temperature low-power RI. In this case the ratio of mod-rator volume to the volume of resonance absorber in the RI
s within the interval of [45–60]. 
Studies of neutronics characteristics of HTGCTRI with
As and FPs with different configurations are examined in
he present paper for selecting the optimal design of the re-
ctor and its fuel load ensuring maximum use of 232 Th in
he core and obtaining the best power generation during the
uper-long duration of fuel residence in the core. 
eutronics studies of low-power thorium reactor 
nstallation 
uring super-long fuel residence in the core 
It was demonstrated in the studies performed by the au-
hors in Refs. [8,9] that if HTGCTRI is loaded with FAs of
nly one type containing 232 Th and Pu in equal quantities,
istribution of neutron flux and power generation becomes
ore uniform over the whole reactor, rate of loss of reactiv-
ty is reduced and duration of fuel residence in the reactor
ore increases. This calculated result was used in the imple-
entation of subsequent studies of reactor operated during
uper-long fuel residence in the core. 
The following was selected as calculation models of the
eactor under investigation: 
• Elementary reactor core cell consisting of the FP, graphite
surrounding it and the cooling gas; 
• Cluster type cell consisting of the graphite block, fuel cells
and cells with cooling gas. 
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Table 2 
Classification and material composition of HTGCTRI fuel pellets. 
Type of fuel 
pellet 
Fuel volume, 
MeO 2 , m 3 
Graphite 
volume, m 3 
SiC volume, 
m 3 
Mass of 
metal, kg 
0817 1.12 • 10 –8 8.77 • 10 –7 1.92 • 10 –7 0.103 •10 −3 
1017 1.40 • 10 –8 8.54 • 10 –7 2.39 • 10 –7 0.128 •10 −3 
1200 4.49 • 10 –8 1.95 • 10 –7 3.36 • 10 –7 0.411 •10 −3 
Fig. 3. Dependence of total reactivity storage of the HTGCTRI on the time 
of operation for FAs with FPs of the following types: 1–0817; 2–1017; 
3–1200. 
 
u  
r  
C  
c  
p
 
f  
(  
A  
c  
t
 
a  
t  
s  
m  
t  
0  
c
 
i  
c  
t  
o  
T  
e  
t  
Fig. 4. Neutron spectra in fuel part of HTGCTRI cell for FAs with FPs of 
the following types: 1–0817; 2–1017; 3–1200. 
Table 3 
Nuclear concentrations for main heavy nuclides at the beginning and by the 
end of fuel residence in the HTGCTRI core. 
Nuclide 
Beginning of 
fuel residence End of fuel residence 
FP 0817 FP 1017 FP 1200 
239 Pu 2.09 •10 20 7.35 •10 18 7.11 •10 18 1.52 •10 19 
240 Pu 1.10 •10 19 9.94 •10 18 5.97 •10 18 6.03 •10 18 
241 Pu 2.20 •10 18 1.43 •10 19 1.43 •10 19 2.08 •10 19 
242 Pu 0 1.15 •10 19 1.05 •10 19 8.22 10 18 
232 Th 2.29 •10 20 2.11 •10 20 2.07 •10 20 2.01 •10 20 
233 U 0 7.49 •10 18 9.62 •10 18 1.27 •10 19 
239 Pu burn-up, % − 96.5 96.6 92.7 
240 Pu burn-up,% − 96.4 45.7 45.2 
232 Th burn-up,% − 7.86 9.61 12.2 
Fuel residence, 
days 
1800 2800 3500 
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r  FPs conventionally notated as 0817, 1017 and 1200 were
sed in the calculations. Diameters of these FPs are equal,
espectively, to 8.17 • 10 –3 m, 10.17 • 10 –3 m and 12,00 • 10 –3 m.
onfiguration of FAs and FPs used in the development of
alculation models is shown in Fig. 1 , classification and com-
osition of FPs are summarized in Table 2. 
Content of heavy metal in percent for all types of FPs is
ollowing (%): Pu – 50, 232 Th – 50; Pu isotopic composition
%) [19] : 238 – 0, 239 – 94, 240 – 5; 241–1; 242 – 0.
ccording to the classification presented in Ref. [8] FPs with
onventional notation 0817 and 1200 correspond to FPs of
ypes 0500 and 2000, respectively. 
Results of comparison of breeding properties of infinite re-
ctor ρ inf ( t ) ( ρ inf =(1 −k inf )/ k inf ) loaded with FAs of the first
ype (FA1) operated at the power level of 60 MW are pre-
ented in Fig. 3 ; neutron spectra in the fuel part of the ele-
entary cell are presented in Fig. 4 . FAs of the first type are
he fuel blocks equipped 78 fuel channels for FPs of types
817, 1017 and 1200 and with seven channels for helium
oolant. 
Analysis of results of calculations demonstrated that with
ncreasing diameter of the FP and, correspondingly, with in-
reasing HTGCTRI fuel load initial reactivity margin and sta-
ionary poisoning effects are reduced; simultaneously duration
f fuel residence in the reactor core increases (see Fig. 3 ).
his is explained by the fact that with increasing FP diam-
ter mass of graphite in the core becomes less which leads
o the increase of fraction of fast and intermediate neutrons.hus, the reactor under investigation is the reactor operated
n fast and intermediate neutrons in the spectrum of which
hermal neutrons are practically absent ( Fig. 4 ). 
It is also clear from Fig. 3 that the larger is the FP diam-
ter, the less will be the daily reactivity losses for the fuel
esidence as a whole. Accumulation of secondary fissile nu-
lides 233 U and 241 Pu takes place in the reactor core. 
95% of 239 Pu and 7.9, 9.6 and 12.2% of 232 Th ( Table 3 )
urn up in the examined FPs during the fuel residence times
or HTGCTRI with FA1. 
The best from the viewpoint of duration of fuel residence
nd involvement of 232 Th in the fuel cycle is the option of
eactor load with FPs with diameter equal to 12.00 • 10 –3 m.
n the process of operation during 3500 days 93% of 239 Pu
nd 12.2% of 232 Th burn up on the average in the fuel pellet
f 1200 type and 0.011 • 10 –3 kg of 233 U and 0.0033 • 10 –3 kg
f 241 Pu are bred. This leads to the typical changes of the
eactivity margin shown in Fig. 3. 
Subsequent studies of the calculation HTGCTRI option in
uestion loaded with FA1 with FPs of 1200 type and with ad-
itional eight fuel pins loaded with 232 Th demonstrated that
eutron multiplication factor ( k inf ) is significantly reduced, the
ate of reactivity loss increases in the process of reactor op-
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Fig. 5. Dependence of nuclear concentrations for main fissile nuclides on the 
time of HTGCTRI operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Dependence of breeding ratios for 233 U and 241 Pu on the time of 
HTGCTRI operation. 
Fig. 7. Dependences of breeding properties of HTGCTRI with FAs and FPs 
with different configurations: 1 – FA1 (FP 0817); 2 – FA2 (FP 0817); 3 –
FA3 (FP 0817); 4 – FA1 (FP 1017); 5 – FA2 (FP 1017); 6 – FA3 (FP 1017); 
7 – FA1 (FP 1200); 8 – FA2 (FP 1200); 9 – FA3 (FP 1200). 
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∼eration, while total duration of fuel residence in the core is
reduced by approximately 600 days. The option in question
does not result in the additional effective use of 232 Th. 
With reduction of Pu fraction in the calculation option un-
der discussion here below 50% reactivity margin of the reac-
tor will definitely be reduced while duration of fuel residence
will be significantly shortened. Therefore, the option was ex-
amined when Pu fraction in FPs of type 1200 was increased
to 55%. 
Calculations demonstrated that in such case reactivity mar-
gin of HTGCTRI is increased to 26.7%, and duration of fuel
residence in the core is increased by approximately 300 days.
There is no gain in Pu and 232 Th burn-up in case of such
load, but, nevertheless, this calculation option is a good way
to increase the duration of fuel residence in the reactor core.
Let us note here, that presence in weapons-grade plutonium
of 5% of 240 Pu results in the noticeable breeding of 241 Pu nu-
clear concentration of which by more than two times exceeds
the concentration of 233 U during practically the whole dura-
tion of fuel residence in the reactor core ( Fig. 5 ). If breeding
ratios for 233 U and 241 Pu are defined as the ratios of increase
of concentrations of these nuclides to the decrease of concen-
tration of the main fissile nuclide 239 Pu, then the dependences
shown in Fig. 6 can be obtained. 
Let us note that if 240 Pu concentration in the initial load of
FP is increased by from one and a half to two percent, then
it may result in the additional breeding of 241 Pu, reduction
of the rate of loss of reactivity, extension of the duration of
fuel residence in the core and in the additional effective use
of 232 Th. 
Since the reactor under study is not a thermal reactor,
graphite inventory in the FA should produce certain effects on
the value of initial reactivity margin. This fact predetermined
the directions of subsequent studies. Options were examined
of HTGCTRI with FAs in which the number of fuel channels
was changed as follows: instead of 78 channels calculation
was performed for FAs with 70 (FA2) and with 86 (FA3)
channels (second and third calculation options, respectively). Results of comparison of dependences of reactivity margin
re shown in Fig. 7 for reactor loaded with FAs of the first,
econd and third types operated at 60-MW power level. 
Thus, use of FAs with number of fuel channels reduced
o 70 (second calculation option) results in the reduction of
uration of fuel residence in the reactor core by 250 −300
ays. In this case initial reactivity margin of HTGCTRI is in-
reased for all FP types by ∼1%. This signifies that reduction
f the total mass of fuel leads to significantly lower breeding
f secondary fissile nuclides and to significantly faster rate of
oss of reactivity during reactor operation at nominal power
evel. 
Increase of fuel mass in the FA (third calculation option)
esults in the increase of duration of fuel residence in the reac-
or core by 350 days. Initial reactivity margin for HTGCTRI
or all FP types is decreased in such case by approximately
1.5%. 
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Fig. 8. Dependences of breeding properties of HTGCTRI with FPs of differ- 
ent configurations: 1 – FA4 with FP 1200; 2 – FA4 with FP 1200 (deposition 
of ZrB2). 
Table 4 
Nuclear concentrations of main heavy nuclides at the beginning and by the 
end of HTGCTRI fuel residence in the core for the fourth calculation option. 
Nuclide Beginning of 
fuel residence 
End of fuel 
residence 
239 Pu 2.29 •10 20 3.53 •10 18 
240 Pu 1.10 •10 19 2.67 •10 18 
241 Pu 2.20 •10 18 0.91 •10 19 
242 Pu 0 1.03 •10 19 
232 Th 2.29 •10 20 1.95 •10 20 
233 U 0 1.13 •10 19 
239 Pu burn-up,% – 97.8 
240 Pu burn-up,% – 75.7 
232 Th burn-up,% – 16.4 
Duration of fuel residence, days – 4700 
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G
t  Since the best results among the examined options were
btained when FAs with 85 fuel channels and with FPs of
200 type ( Fig. 7 ) are used, such reactor has minimum reac-
ivity margin among the examined options ( ≈ 26%) and the
ongest duration of fuel residence in the core ( ≈ 4000 days).
t was decided to continue the studies and to examine the
ption with increased number of fuel channels in the FA. 
With number of fuel channels in the FA increased to
00 (fourth calculation option) initial reactivity margin is de-
reased to 24.5%, rate of loss of reactivity as compared with
he third calculation option also decreases, while the duration
f fuel residence in the reactor core increases to 4700 days
 Fig. 8 ). 239 Pu burn-up value amounts in this case to 97.8%,
hat for 240 Pu to 75.7% and for 232 Th to 16.4% ( Table 4 ). 
Large enough reactivity margin for the reactor under mod-
ling must be compensated by control rods which can be
rranged inside cooling channels. 
Approach when reactivity margin is reduced due to the use
f burnable absorber rods appears to be of interest. Boron
ill be the optimal choice in this case among the existing
eutron absorbers. If ZrB 2 coating with ∼10 −3 m thickness is
eposited on the side surfaces of the FP, then it is possible tobtain for the configuration in question the curve of variation
f reactivity margin shown in Fig. 8. 
Burnable 10 В is practically completely burned during 
4000 days ensuring the initial reactivity margin equal to
1.4% instead of 24.5% in the absence of boron. Within the
nterval from 1000 to 3500 days the rate of loss of reactivity
mounts on the average to 0.0007% daily; loss of reactivity
n this case will amount to just ∼1.75% (see Fig. 8 ). 
When burnable absorber is used the number of control rods
an be reduced by more than two times. Reactivity margin
f the reactor changes very slowly practically until the very
nd of fuel residence in the core. ∼95% of loaded 239 Pu
urn up in the fuel of such reactor. Fuel burn-up amounts to
120 GW • day/t(heavy met.) and fast neutron flux density
ill reach ∼10 26 m −2 during the duration of fuel residence
n the reactor core. 
Results of calculation allow making the conclusion that
TGCTRI reactor with configuration of FAs and FPs in ques-
ion can be operated during 3500 −4500 days at the power
evel of 60 MW. 
onclusions 
Based on the fact that desirability of thorium as an ele-
ent to be included in the composition of nuclear fuel has
lready been proven (there exist sufficient new knowledge and
olutions in order to technically implement the possibility of
se of thorium fuel cycle within the open nuclear fuel cycle)
he authors of the present study formulated the concept of
horium-loaded low-power reactor installation using the uni-
ed design of fuel block. 
In accordance with the suggested concept the number of
uel blocks and sizes of the reactor core will be determined
y the value of power of the reactor installation required for
esolving specific tasks, while the fuel blocks and fuel pellets
ill be produced in batches. 
Calculation studies of neutronics of the thorium-loaded re-
ctor installation with fuel blocks and fuel pellets with differ-
nt configurations were performed for the purpose of selection
f optimal design of the reactor and its fuel load ensuring the
ost efficient use of thorium in it and obtaining the highest
nergy generation. 
Results of calculations allow formulating the conclusion
hat thorium-loaded low-power reactor installation operated 
ith super-long duration of fuel residence in the core must
e the reactor operated with fast and intermediate neutron
pectrum. 
Reactor installation with suggested configuration of the
uel block and the fuel pellet can be operated during not less
han 3500 effective days at the power level of 60 MW. Fuel
urn-up will amount to about 120 GW • day/t and fast neutron
ux density will reach the value approximately equal to 10 26 
 
−2 during the duration of fuel residence in the core. 
The study was performed under federal funding (Project
K 14,411.9990019.05.110 dated 21.11.2014 titled “Substan- 
iation of the possibility and development of the program
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